Abstract Three complexes of general formula PtCl 2 R 2 were synthesized, where R is the amine ligand with aromatic substituents. 
Introduction
Metallodrugs based on platinum coordination complexes are very important class of drugs [1] . Since the discovery of anticancer activity of cisplatin, high efforts have been made to find more active and less toxic neoplastic agents for cancer treatment in humans [2] . Numerous different platinum complexes were synthesized with the aim to understand better the mode of action of platinum-based antitumor drugs and to introduce new ones with fewer side effects [3] [4] [5] . Cisplatin and its analogues bind to the DNA in cancer cells [6] [7] [8] , and, accordingly, similar binding properties are also studied and used in design and synthesis of new antibacterial drugs [9, 10] . Since many pathogenic bacteria show resistance toward antibiotics, it is necessary to find new effective compounds and control the multidrug resistance of microbes [11, 12] . As a consequence, much effort is put into modifying of antibiotics already in use, while new compounds are also synthesized. Some tetracyclines coordinated to Pt(II), showed improved antimicrobial activity [13] . In order to obtain new Pt(II) metallodrugs, beside the Schiff bases [14, 15] , substituted or aromatic amines [16] [17] [18] [19] as N donor ligands are often used. Due to their relatively simple synthetic procedures and structures, they are good candidates as anticancer or antimicrobial agents.
Since thermal properties of potentially bioactive compounds are essential to their future usage, thermal analysis is a common part of characterizing compounds with biological activity [20] [21] [22] [23] [24] [25] . Thermoanalytical methods provide important information on the thermal stability, polymorphic forms or structural changes [26] [27] [28] and purity of potential new drugs [29] [30] [31] [32] .
As a continuation of our earlier work on synthesis, physical and chemical characterization of iron(II) complexes with amine ligands [33] , in this paper Pt(II) coordination compounds with different amine ligands are described. The aim of this study was the synthesis, physical, chemical and antimicrobial characterization of biologically active compounds of general formula PtCl 2 R 2 (where R is a selected amine ligand) under the same reaction conditions. Since the thermal properties of biological active compounds are crucial for their future application, the other aim of this work is the detailed thermal analysis of the synthesized coordination compounds. Namely, [Pt(an) 2 Cl 2 ] (1), [Pt(pa) 2 Cl 2 ] (2) and [Pt(aph) 2 Cl 2 ] (3) were prepared, where an is 2-aminonaphthalene, pa is 2-aminopyrimidine and aph is 4-anilinophenol. Apart from the preparation of the novel Pt complex (3), different synthetic methods and properties of compounds 1 [34] and 2 [35] were published earlier; however, here we describe alternative synthetic routes for 1 and 2. The detailed physicochemical characterization of the complexes by TG/DTA-MS, XRD, FTIR, NMR, ESI-MS and antimicrobial tests is presented and discussed in the view of thermal properties.
Experimental Synthesis of the complexes
In all synthetic procedures platinum(II) chloride (PtCl 2 ) was used as reactant, which was previously prepared by reduction of platinum(IV) chloride (PtCl 4 ); e.g., 1.25 mmol (0.42 g) PtCl 4 was reduced with 1 cm 3 formic acid in 10 cm 3 distilled water at room temperature. The complexes were synthesized starting from the as-obtained PtCl 2 solution, which was reacted with 2.5 mmol of substituted amines (2-aminonaphthalene for 1, 2-aminopyrimidine for 2 and 4-anilinophenol for 3) in 10 cm 3 methanol. The reaction mixtures were boiled for 3 h on water bath. Following the color change in the mixtures, the coordination compounds began to precipitate. After leaving the reaction mixtures at room temperature to complete the precipitation (24 h), the compounds were filtered and washed with methanol.
Yields, molar masses and FTIR data of the obtained complexes: IR data were collected on a Bruker Alpha FTIR spectrometer (platinum single reflection diamond ATR) at room temperature in the middle infrared range of 4000-400 cm -1 . Mass spectra of the samples, dissolved in MeOH, were collected with a PE Sciex API 2000 triple quadrupole mass spectrometer using electrospray ionization (ESI).
NMR spectra were recorded in DMSO-d 6 solution in 5-mm tubes at room temperature on a Bruker DRX 500 spectrometer at 500 MHz using TMS as internal reference.
Powder X-ray diffraction (XRD) measurements were carried out on a PANalytical X'pert Pro MPD X-ray diffractometer equipped with an X'Celerator type detector. The samples were measured at room temperature in powder form.
Antimicrobial activity
The coordination compounds for antimicrobial in vitro activity were tested against Gram(?) bacteria Staphylococcus aureus, Bacillus subtilis, Sarcina ventriculi and Gram(-) bacteria Klebsiella oxytoca and Escherichia coli. For the antimicrobial sensitivity test, the Kirby-Bauer disk diffusion method was applied [36, 37] . 100 lL of the tested bacterial cultures was spread on nutrient agar medium, and after inoculation filter paper disks (5 mm in diameter) containing 10 lL sample solutions were placed on the surface of the solid medium. The Petri plates were incubated at 37°C for 18-24 h. After incubation the diameters of inhibition zones were measured.
Results and discussion
All compounds were synthesized in the same way. Platinum(IV) chloride was reduced by formic acid then reacted with the selected amine ligands. The original procedure for the synthesis of the complexes with 2-aminonaphthalene (1) and 2-aminopyrimidine (2) [34, 35] was partially modified. In contrast to methods reported earlier, where Gabano et al. [34] used K 2 [PtCl 4 ] for the synthesis of 1 and Mishra [35] reacted PtCl 2 with 2-aminopyrimidine in a molar ratio of 1:2.5, respectively, the metal-to-ligand molar ratio was adjusted to 1:2 in our cases. Besides, a new coordination compound with 4-anilinophenol (aph) ligand was also synthesized (3). The supposed structures of complexes are shown in Scheme 1. In all compounds two chloride ions and two monodentate amine ligands are coordinated to Pt(II). Ligands an and pa in 1 and 2 are primary amines with bicyclic (1) and heterocyclic (2) aromatic substituent. Differently, complex 3 is prepared using a secondary amine, 4-anilinophenol substituted with benzene and phenol rings.
The powder XRD measurements show that the samples precipitated in amorphous form; hence, their structure is characterized further by spectroscopic methods and elemental analysis.
Elemental analysis
The elemental analysis data (Table 1) of the compounds 1-3 prove the proposed compositions (Scheme 1) and show the solvent content of the samples. Complex 1 crystallizes with two water molecules, while 2 and 3 do not contain crystal water.
Mass spectrometric measurements
In the mass spectra of all complexes, the molecular ions were successfully detected. Table 2 presents the characteristic fragments for each complex.
In the mass spectra, the appearance of molecular ions and different fragments demonstrate the formation of the complexes, and they are in agreement with the decomposition results of thermal analysis. 
FTIR spectra
The broad bands in the spectrum of all three compounds ( Fig. 1) at about 3200 cm -1 can be assigned to overlapped NH and CH stretching of the amino groups and aromatic rings. The somewhat lower intensity of mNH of the secondary amine in the spectrum of 3 is in accordance with fewer N-H bonds compared to the primary amine analogues (1 and 2), having a few overlapped peaks in the IR region 3400-3000 cm -1 of 3. The other difference is a low intensity peak in the spectrum of 3 at 3732 cm -1 (Fig. S1 ) due to the stretching of its hydroxyl substituent of the phenyl ring. The most intensive bands in the spectra of all three samples appear in the region *1600 to 1450 cm -1 due to the C=C stretching of the aromatic rings. Below 1500 cm -1 NH bending of coordinated amines is combined with mC=C. Owing to its nitrogen-containing heterocycle, the complex 2 has several strong, sharp peaks in this IR region with a mC=N band at 1562 cm -1 . Peaks of C-N vibrations appear in all spectra at *1350-1200 cm -1 , and peaks of mC-C are present at about 1100 cm -1 . One of the most important peaks supporting the formation of complexes is the mPt-N at 518-692 cm -1 . The mPt-Cl peaks appear between 445 and 496 cm -1 . The position of these peaks is influenced by the nitrogen atoms in the aromatic ring. For mPt-N and mPt-Cl, the lowest wavenumbers were found in the case of [Pt(pa) 2 Cl 2 ], which means that these bonds are stronger compared to those in the other complexes.
Thermal properties
The thermal measurements were carried out in nitrogen and air. All three complexes contain adsorbed water, which evaporates in inert N 2 atmosphere starting already at room temperature (Fig. 2) . Although the elemental analysis data for complex [Pt(an) 2 Cl 2 ]Á2H 2 O (1Á2H 2 O) suggest two molecules of lattice water (6.13 %), the mass loss for water evaporation up to *160°C is significantly lower (1.2 %). It is explained by spontaneous evaporation of water between the time of elemental analysis and that of thermal measurements. In [Pt(aph) 2 Cl 2 ] (3), the water evaporation slows down above 100°C, but it is not completely finished until the decomposition of the compound begins at can be observed. In these decomposition steps, 1 looses most of its aminonaphthalene ligands and coordinated chlorides. Differently, 3 has only one DTG peak and it looses the fragments of ligands in only one decomposition step at 223°C. The lowest stability of 3 can be explained by its bulky ligands and steric effects (Scheme 1). Above 400°C, the decomposition for both 1 and 3 slows down but does not end up to 700°C. The several overlapping processes of 2 with DTG peaks at 323, 545 and 593°C suggest a more complex decomposition mechanism, compared to that of the other two compounds, which is in accordance with the structural differences between complexes. Namely, 2 is the only complex with a heterocyclic ligand, while in 1 and 3 ligands with aromatic hydrocarbon rings are coordinated. The mass loss (21.7 %) of 2 suggests that the evaporation of fragments of heterocyclic ligand starts along with the loss of coordinated chlorides (15.98 %) at 300°C. The thermal decomposition of 2 is not also finished in nitrogen until 700°C. The DTA curves of the compounds (Fig. 3) show that below 100°C there is an endothermic peak on all three curves due to the absorbed water evaporation. Then their thermal decomposition in inert atmosphere is followed by an exothermic thermal effect. The most intensive decomposition steps of complexes 1 and 2 are also endothermic with peak maxima at 296 and 326°C. Furthermore, on the DTA curve of 2 a small exothermic peak is observed at 204°C without significant mass change at this temperature. The thermal decomposition of compound [Pt(aph) 2 Cl 2 ] (3) is followed by an exothermic effect with a small peak at 217°C due to its oxygen content.
The thermal properties of the samples in air are somewhat different from those in nitrogen. The decomposition mechanism of 2 in air is also different from the other two complexes. Its first decomposition DTG peak is less intensive and appears at somewhat higher temperature than in nitrogen (Fig. 4) . The overlapped peaks of the next decomposition steps at 425, 454 and 477°C in air are more intensive and shifted to lower temperatures, compared with DTG peak maxima in nitrogen at 545 and 593°C.
The mechanism of thermal degradation of 1 does not depend on the nature of atmosphere up to *250°C. Above this value a highly exothermic decomposition process starts followed by the melting of the sample. Complex 3 in air also decomposes in an intensive exothermic process, starting with the melting of the sample. In oxidative atmosphere (air) samples 1 and 3 get burned, resulting in deformed exothermic peaks on the DTA curves.
TG-MS data
TG/DTG curves do not allow the proper identification of the fragments of compounds; thus, on-line coupled TG/ DTG-MS measurements were carried out for all three complexes (Fig. 5) .
Beside the thermal techniques the water content of complexes was proved by signals for m/z = 18 and 17. Their relative intensity is in accordance with the evaporation of the absorbed water for all three compounds. Corresponding to the general formula (PtCl 2 R 2 ) of samples, evaporation of HCl (m/z = 36) is also detected in all samples during the most intensive decomposition step at 294, 323 and 223°C for 1, 2 and 3, respectively. The peaks for m/z = 36 at temperatures above 400°C, without mass change, most probably belong to fragments of organic ligands, e.g., C 5 H 12 2? or C 4 NH 10 2? . However, most fragments depart at lower temperatures in all cases, as the amount of formed fragments above 400°C is low, and their evaporation is practically undetectable by TG/DTS without coupled mass spectrometer. The other fragments reflect the composition of the complexes. In compounds 1 and 3 bearing ligands with aromatic rings, the detected peaks are characteristic for benzene (C 6 H 6 ? ) with m/z = 78 and 77 and for acetonitrile (C 2 H 3 N ? ) with m/z = 41. Acetonitrile fragment is forming during the decomposition of the aromatic rings. These fragments are not detected in 2 because its heterocyclic ligand gives different fragments. Beside benzene, during the thermal decomposition of 1, naphthalene (C 10 H 8 ? ) with m/z = 128 and recombined fragments [38] with low m/z values of 41, 43 (C 2 NH 5 ? ), 50 (C 4 H 2 ? ) and 55 (C 4 H 7 ? ) (Scheme 2a) are detected (Fig. S2) . Since complex 3 also has amine ligand with aryl substituents (Scheme 1), beside the same fragments as in 1 (Scheme 2b), peaks are observed for m/ z = 91, characteristic for phenol and m/z 66 for C 4 H 2 O ? [38] (Fig. S3) . On the basis of composition and structure of 3, the splitting of OH group would be expected with a peak at m/z 17. However, its absence suggests that this sample does not loose fragments OH ? or NH 3 ? with molar mass of 17. Since m/z 16 and 15 can be characteristic for amine group also, the lack of the peaks for these m/z values shows that the amine group of the ligand evaporates as part of some larger fragments (Scheme 2b). It can be resulted by increasing the NH-Ar (Ar = aromatic ring) bonds stability after loosing one aryl substituent. It is supposed that these changes affect the ring aromaticity and the stability of bonds within it, and lead to the formation of fragments with lower molar mass, e.g., C 2 H 3 N ? (m/z = 41) and C 4 H 2 O ? (m/z = 66). The detected fragments of complex 2 with relatively low molar mass (Fig. S4) show that during its thermal decomposition the bonds in 2-aminopyrimidine ligands ? with m/z = 51 (Scheme 2c). A characteristic peak for the heterocyclic ring is not detected which proves the lower stability of pyrimidine ring, compared to benzene.
Antimicrobial tests
All three compounds show antimicrobial activity. Their bacteriostatic effect on the microorganisms is represented with diameters of zones of inhibition of the spreading of the bacteria. Generally, they are more effective inhibitors of Gram(?) than Gram(-) bacteria (Table 3 ). The newly synthesized 3 is the most active sample with the wider zones of inhibition. 1 shows similar bacteriostatic activity against S. aureus, S. ventriculi and somewhat lower against E. coli. Its inhibition zones in the case of B. subtilis and K. oxytoca are significantly less. Complex 2 is the least active sample and it is inactive toward E. coli. These differences in bacteriostatic effect can be explained by their different structures and composition, and agree well with their different thermal stability.
Namely, compound 3 of the lowest stability is the most effective against tested bacteria. In general terms, complexes with more lipophilic ligands in their inner coordination sphere were found to have higher antibacterial activity. Probably, the lipophilic character of the complexes can result in increased damage of bacterial cell wall and also facilitate their transport through bacterial cell membranes, so they can reach their cellular targets more efficiently [39, 40] .
Our results show that compound 3 exhibits the lowest stability and proved to be the most effective inhibitor of the microbial development, interfering mainly with the growth of Gram(?) bacteria. The lower inhibitory effect on the growth of Gram(-) bacteria could be related to the complexity of the cell wall of these microorganisms.
A possible reason for the highest activity of 3 is the reactive OH substituent of 4-anilinophenol (aph) ligands. To prove this hypothesis, the bacteriostatic activity of the analogue compound with diphenylamine (dpa) ligand [Pt(dpa) 2 Cl 2 ] was also tested. It was found only active toward S. aureus and S. ventriculi with 7 and 13 mm bacteriostatic zone diameters, respectively. The significantly lower activity of [Pt(dpa) 2 Cl 2 ] compared to 3 confirms that OH group plays an important role in inhibition of bacterial growth.
The Pt complexes tested seem to have a moderate antimicrobial potential, and further investigations are required to enhance their inhibitory effect.
Conclusions
A new Pt(II) complex with 4-anilinophenol (aph) ligand was synthesized (3), while new preparation route was developed for 1 and 2. The aph ligand, similar to the 2-aminonaphthalene and 2-aminopyrimidine ligands in the complexes 1 and 2, is coordinated in a monodentate mode through its amino nitrogen atom. The other two coordination sites are occupied by chlorine atoms. The complexes precipitate in mostly amorphous form. All compounds contain absorbed water which starts to evaporate at room Synthesis, physico-chemical characterization and bacteriostatic study of Pt complexes with…temperature. Among the anhydrous complexes, 2 is the most stable one in the inert atmosphere, and the complex stability is decreasing in the order 2 [ 1 [ 3. The thermal decomposition in all cases is continuous without stable intermediate formation. The thermal degradation of 1 and 3 in air is followed by the burning of the samples, and therefore, their thermal curves are deformed. By on-line coupled TG/DTA-MS measurements, beside the evaporation of water and HCl, the fragments characteristic for the aromatic rings of the ligands were detected. All compounds show bacteriostatic effect. Their antimicrobial activity is decreasing in the order: 3 [ 1 [ 2, and it is in agreement with their thermal stability. The new compound 3 with the lowest stability shows the highest bacteriostatic effect.
